INTRODUCTION
Organisms in stressful environments are often more strongly limited by abiotic than biotic interactions (Dunn et al., 2010; Machac et al., 2011; Reymond et al., 2013; Szewczyk & McCain, 2016) . Along altitudinal gradients in high mountain areas, for most organisms, the abiotic conditions become ever more harsh and constraining with increasing altitude (Dillon, 2006; Nagy & Grabherr, 2009) . This is refl ected in the well-known altitudinal zonation of vegetation in mountain chains (such as the Alps: Grabherr et al., 2003) .
Ants are widely regarded as important players because of their essential role in almost all terrestrial ecosystems (Hölldobler & Wilson, 1990; Lach et al., 2010) . In alpine habitats, however, ants are far less diverse and abundant than at low altitudes in Europe. For example, of the 134 species of ants known to occur in Austria (Wagner, 2014) , fewer than 20 non-parasitic species regularly occur in alpine grassland habitats above the tree line or much above 2000 m (Seifert, 2007) . Hence, one might expect that competition among ant species and colonies becomes less intense at high altitudes, whereas more densely packed, species-rich ant communities at low altitudes are typically shaped by severe intra-as well as interspecifi c competition for nesting space and food resources (Machac et al., 2011). hydrates) produced by other insects in trophobiotic mutualisms with ants (Pellissier et al., 2012) .
We here test the following predictions: (1) there are fewer visits to baits by F. lemani in the upper alpine belt because at that altitude there are stronger abiotic constraints on foraging; and (2) this ant prefers high-quality protein sources over carbohydrates in an alpine environment, since given the short growing season the chances of obtaining sufficient protein are very limited.
MATERIAL AND METHODS
Data were collected in July 2015 in the central and southern Alps. Four pairs of sites were selected as sampling areas, located along a north-to-south transect through the eastern Alps (Fig. 1) . At each location, the lower site was situated in the lower alpine belt just above the tree line, and the upper site in the middle or higher alpine belt, close to the ant's upper altitudinal limit. On average, the upper and the lower sites were separated by difference in altitude of 120 m (total altitudinal range of upper sites: 2055-2400 m; and lower sites: 1875-2330 m; Table 1 ). The lowest sites were situated in the Southern Alps (1875 m a.s.l.) and the highest in the Central Alps (2400 m a.s.l.), which mirrors the differences in the altitudinal zonation of the vegetation (and treeline) in the Central and Southern Alps (Grabherr et al., 2003) .
Tea-spoon quantities of commercially available wet cat food (Whiskas™) were used as the protein bait (cf. Wetterer et al., 1999; Tschinkel, 2002; Stuble et al., 2013 for other studies employing similar baits). We used cat food because of its high protein content. It also contains minor amounts of carbohydrates, lipids and other compounds that we considered negligible for our experiment. Sugar-water (240 g sucrose dissolved in 1 L water, presented on pieces of soaked paper towel) served as the carbohydrate bait. Baits in ad libitum supply were exposed on white 4 × 4 cm square plastic frames (Bestelmeyer et al., 2000) . All F. lemani ants visiting the plates were recorded every 5 min over a period of 75 min (i.e. 15 times in each observational sequence; at the fi rst location, lower site, only 7 intervals of 10 min were sampled).
We started sampling at a site only if the weather conditions were favourable for ant foraging (sunny and between 1000 h and 1600 h) and at least fi ve ant nests of F. lemani could be easily found within an area of ca 20 m radius during a preliminary exploration (about 15 min). Ant nests were considered as units for the analyses (i.e. we did not check whether these belonged tention, for example, as a means of disentangling the role of ants within an environment (Blüthgen & Fiedler, 2004; Peters et al., 2014; Tiede et al., 2017) and address specifi c ecological questions (Kay, 2004; Kaspari et al., 2012) . One commonly used method for assessing the feeding habits of ants is baiting (Bestelmeyer et al., 2000) . By analysing the acceptance and monopolization of different types of baits it is possible to obtain information on competition, trophic position and limiting nutrients (Kaspari & Yanoviak, 2001; Kaspari et al., 2012) . Compensation theory predicts that ants should prefer those resource that are in short supply and thus in greatest demand in their environment (Kaspari & Yanoviak, 2001) . While most studies using standard baiting protocols were done in the tropics and temperate regions (e.g. Bestelmeyer et al., 2000; Kaspari et al., 2012; Fowler et al., 2014; Véle & Modlinger, 2016) , there is a lack of such studies along mountain slopes or in alpine areas (but see Peters et al., 2014; Spotti et al., 2015; Orivel et al., 2018) . The only study we were able to fi nd that explores feeding preferences of ants in an alpine setting is that of Spotti et al. (2015) , with just one site located in an alpine environment above the tree line. In the present study, we used a reduced version of the baiting protocol with only protein and carbohydrate baits (e.g. Kay, 2004; Kaspari et al., 2012; Véle & Modlinger, 2016) being offered specifi cally to the most abundant species of ant, Formica lemani (Bondroit, 1917) , at two altitudes in the alpine grassland zone above the tree line. F. lemani is the most common species of ant in the alpine region (Dethier & Cherix, 1982; Schiestl & Glaser, 2012; Wagner, 2014) and has an omnivore feeding strategy that enables it to exploit new resources very fast (Schiestl & Glaser, 2012) .
By studying alpine grassland at two altitudes it is possible to compare a more productive environment (lower alpine zone) with a less productive and climatically even more stressful one (upper alpine zone), determined by the increase in abiotic constraints with altitude, but in which the structure of the vegetation is very similar (Nagy & Grabherr, 2009) . Such a contrast is ecologically even more interesting when it occurs within a very small range, such as over a small increase in altitude in the alpine environment. The alpine environment is characterized as the area that extends from the treeline to where the ground is permanently covered by snow (Nagy & Grabherr, 2009 ). Since the sites higher up in the grassland zone are situated closer to the altitudinal limit of the focal ant species, one might expect constraints on nutrient availability and foraging activity to act even more strongly there. Kaspari et al. (2000) report a reduction in ant nest density with decreasing primary production at sites in South, Central and North America. If ant density above the tree line further decreases in a similar fashion with decrease in primary production, one might expect the visits by ants to baits to decrease correspondingly.
Further, a change in abiotic severity might infl uence macro-nutrient availability like the abundance of prey organism (proteins) (Hodkinson, 2005) and or nectar (carbo- to the same polydomous colony network). This concentration on focal nests allowed a rapid assessment of the foraging behaviour of ants despite low colony density and rapidly changing weather conditions at high altitudes (Kaspari et al., 2000) .
At each site, baits were exposed around fi ve focal nests of F. lemani (12 baits per nest, 6 baits per resource type). Protein and carbohydrate baits were offered in alternating circular positions around each nest. The distance between the baits and the nest varied between 10−30 cm depending on the terrain.
First, we counted the baits that were visited at least once over the whole sampling period. This score was used as a measure of resource use, i.e. the number of worker ants attending a bait did not matter. To further consider the number of visits we summed the number of worker ants counted per bait over the total observation period. High numbers indicate a more lasting attraction of ants to a resource, including the possible onset of mass recruitment and monopolization. This score was square root transformed prior to statistical analysis to improve fi t to normality assumptions.
We used the package lme4 (Bates et al., 2015) in the R environment (R Core Team, 2017) to carry out generalized linear mixed model (GLMM for ant incidence, with binomial error structure) and linear mixed-model (LMM, for ant numbers, with Gaussian error structure) analyses. As fi xed factors, we used the bait type and altitudinal zone. Location ID (containing always an upper and a lower site), nest ID nested within location, as well as absolute altitude (in m a.s.l.) were used as random factors. Use of location as a random factor enables a comparison of the upper and lower sites. Inclusion of nest ID as a random factor makes it possible to control for differences between ant colonies in overall activity and worker population size. Altitude as a random factor enabled us to single out local climatic characteristics that we could not measure directly.
The distribution of residuals was visually inspected and was acceptable for both models. A likelihood ratio test was used to determine the importance of each fi xed factor. Explained variance, viz. marginal and conditional R 2 , was computed using the package MuMIn (Barton, 2013) . Statistical graphs were created in the environment R (R Core Team, 2017) with the package ggplot2 (Wickham, 2009) , showing means of the response variables and their 95% confi dence intervals.
RESULTS
In total 480 baits were exposed, of which 233 (48.54%) were visited by F. lemani ants at least once during the observation period. Other species of ants that visited the baits (not considered in the results and recorded at only 18 different baits, 3.3%) included Formica lugubris (8 baits at the lower and 1 bait at the upper sites), Manica rubida (7 baits at the higher sites) and Myrmica sulcinodis (4 baits at the upper sites, on one simultaneously with Manica rubida). We did not observe any aggression between ant species at baits, but shared bait usage by Formica lemani and another species was observed 3 times.
Incidence of visiting baits was higher at the lower sites, 153 (65.66%) counts compared to the upper sites with just 80 (34.33%) baits visited. When only the incidence of visits was taken in account there were no difference recorded for the two types of resource (Fig. 2) . Only location as a fi xed factor contributed signifi cantly (Likelihood ratio test, p = 0.006) to accounting for the difference in the incidence of visits (Table 2) . No interaction between location and resource type was detected. Overall, resource and altitude accounted for only a minor fraction of the variance (14.84%) in the data as shown by the low marginal R² value. Altogether, we recorded 3444 single sightings of worker ants of F. lemani at baits. In the linear mixed model the number of worker ants on baits of both types (Likelihood ratio test: p < 0.001) and location (p = 0.002) were signifi cant terms in the model (Table 3) . Carbohydrate baits (2747 workers, 79.07%) were visited by far more ants than protein baits (699 workers, 20.29%) and there were more visits recorded at the lower sites (2569 workers, 74.59%) than the upper sites (875 workers, 25.41%; Fig. 3 ). The preference for sucrose was far stronger at sites in the lower than in the higher alpine grassland zone.
DISCUSSION
The major outcome of our experiment is that F. lemani consistently prefers carbohydrate over protein baits in an alpine environment, at different altitudes and most sites sampled.
Furthermore, our experiments revealed that even when placed close to F. lemani colonies, the majority of the baits were either not or only intermittently visited by foraging ants. The rather short exposure time of 75 min and our focusing on F. lemani nests is likely to have considerably reduced the probability of other species of ants in the alpine grassland environment discovering the baits. Therefore, our data only focuses on the foraging characteristics of F. lemani, which is the dominant species of ant in the area. This species has been shown to account for a major fraction of the predation and pollination (Dethier & Cherix, 1982; Schiestl & Glaser, 2012) attributed to ants in alpine grassland. Thus, at least to some extent our fi ndings might refl ect the overall effect of ants in this environment.
Using stable isotope analysis, O'Grady et al. (2010) confi rm (in Ireland) that F. lemani is a generalist feeder, a character that it shares with most other species in alpine ant communities. Nevertheless, the number of visits to baits was surprisingly low and differed for the two types of baits and altitudes. Even when placed close to ant nests when the weather was predominantly warm, only a small fraction of the baits were visited by worker ants. The placement of the baits close to nests reduced the possible effect on the incidence of visits due to variable colony density (Kaspari et al., 2000) .
We take the low incidence of visits as indicating a generally low activity density of foraging ants. This low foraging activity might indicate a low level of competition for food among ants in the alpine setting, although our study design did not target the intensity of competition. Further, the more severe thermal constraints at high altitudes (Bishop et al., 2006) might have delayed the onset of mass recruitment at the upper sites and resulted in the lower numbers of worker ants recorded at baits.
In addition, in the alpine grassland belt visits by ants to baits differed substantially between sites in the lower alpine belt and those just 70-180 m higher up. These small differences in altitude were associated with a reduction in the incidence visits from 63.75% to just 33.33%, indicating that ant activity and thus possibly also competition for food clearly decreases as one approaches the upper altitudinal distribution of the ant. This was previously suggested by Dethier & Cherix (1982) for ants in the Swiss Alps and later confi rmed by Machac et al. (2011) in a study of alpine ant communities in the Alps and North America in which environmental fi ltering, instead of biotic interactions, was singled out as the predominant force structuring ant assemblages at high altitudes. Therefore, alpine ant communities appear not to be predominantly shaped by competition, but may be more strongly regulated by climatic constraints acting on colony foundation success or foraging behaviour (Cerdá et al., 2013) . In line with these suggestions, ant colonies become increasingly sparsely distributed in the landscape at high altitudes and are mostly concentrated at micro-sites and in habitats that provide suitable conditions for establishing a colony (Seifert, 2007 .
The clear preference for carbohydrate over protein is contrary to that predicted by our hypothesis. According to the compensation theory (Kaspari & Yanoviak, 2001; Kaspari et al., 2012) ants should prefer the resource that is most limited. Our observations therefore indicate that car- Fig. 3 . The number of ants recorded at carbohydrate and protein baits (with 95% confi dence intervals). At the lower alpine sites, mean number of ant visitors was almost twice as high as in the upper alpine grassland belt. Carbohydrate baits were preferred over protein baits. bohydrates are in short supply for ants in the alpine grassland zone. Kaspari et al. (2012) show, for the tropics, that carbohydrates might be the more limited resource for ants that have rather carnivorous feeding habits. Hence, generalizing from our observations we conclude that in alpine habitats F. lemani ants are predominantly predacious and supplementing their diet with suffi cient amounts of carbohydrates might be a limiting factor. Recent work suggests that lipids could also be a limiting nutrient for carnivorous insects (Wilder et al., 2013) . However, in our preliminary trials lipid resources (viz. peanut butter) simultaneously offered to the ants in alpine grassland was not visited; we therefore decided not to use this bait in the present study (Guariento E. & Martini J., unpubl. results) . Interestingly, exactly the opposite is reported by Peters et al. (2014) along an Afrotropical altitudinal gradient, in which they recorded an increase in the visits to lipid baits and reduction in visits to carbohydrate baits with increase in altitude.
A strong preference for carbohydrate at high altitudes is also reported by Spotti et al. (2015) , who exposed baits in the Italian Alps over a whole vegetation period. This similar result supports the notion that our observations are not just due to the timing of surveys relative to the reproductive cycle of the colonies (Portha et al., 2002) or to seasonally variable resource supply and demand (Frizzi et al., 2016) . Rather, it appears that a high demand for carbohydrates is a consistent characteristic, not just for F. lemani, but generally for alpine grassland ant communities. In our study, a signifi cant preference for carbohydrates was only apparent if the numbers of foraging ants at the baits were taken into account. Indeed, we noticed the onset of food recruitment behaviour in F. lemani only at carbohydrate baits. The observation of many worker ants on fl owers (Guariento E. & Martini J., unpubl. observ.) , where they sometimes even act as pollinators (Schiestl & Glaser, 2012; Claessens & Seifert, 2017) , also supports the idea that carbohydrate is a limiting nutrient for ants in this harsh environment.
In Europe, extrafl oral plant nectar and honeydew from phloem sucking Hemipteran insects are the major sources of carbohydrates for ants (Seifert, 2007) . Both these sources might be in short supply at high altitudes in the Alps. For example, at high altitudes, plants that have extrafl oral nectaries (EFN) reduce their investment in nectar production (Rasmann et al., 2014) . Generally, EFN plants ( Keeler, 1979; Koptur, 1985) as well as honeydew-producing insects (Stadler et al., 2001; Pellissier et al., 2012) tend to be scarcer at high altitudes. Hence, these mutualistic interspecifi c interactions that are essential for the supply of carbohydrate sources in lowlands appear to be less important and predictable in alpine environments.
Overall, the two fi xed factors of our working hypotheses, viz. type of resource and altitudinal zone within the grassland belt, explained only small percentages (below 15%) of the variance in the data sets, while the random factors accounted for larger percentages of variance in our data. One important source of variation is the size and actual nutrient status of the focal ant colonies, which it is not possible to control in fi eld experiments. Moreover, variation in ant colony densities are likely to refl ect differences between sites as well the overall nutrient availability in the respective habitats. Further studies on trophic relationships of ants in alpine habitats, which are at the margins of the distribution for these otherwise dominant insects in many terrestrial ecosystems, will be needed to better understand the relative importance of abiotic and biotic factors in determining the altitudinal upper limit to ant occurrence.
